The physiological changes which take place during pregnancy are among the most extreme alterations occurring in non-pathological states. In addition to the welter of hormonal and body water changes, modifications in circulatory hemodynamics take place. Prior to the advent of cardiac catheterization, gas methods were utilized for the study of cardiac output in pregnant women (1) (2) (3) (4) (5) (6) (7) . Data obtained in this manner indicated that the cardiac output increased during gestation. In general, the limitations of the gas methods for determination of cardiac output (8) , i.e., their relative inaccuracy, particularly in application to exercise studies, and the inability to obtain simultaneous measurements of pressures in the right side of the heart and pulmonary artery, led to several investigations of the cardiac hemodynamics utsing the catheter technique (9) (10) (11) (12) (13) .
In the studies of Palmer and Walker (9) and Hamilton (10) , the catheter was placed without radiographic or fluoroscopic control into what was believed to be the right atrium. The blood obtained from the catheter was assumed to be mixed venous blood and pressures were taken with a saline manometer. Values for arterial oxygen content were assumed, thus making the A-V oxygen difference an approximation. Werko, Bucht, Lagerlof, and Holmgren's (11, 13) careful studies did not include any observations on normal pregnant women in the mid-trimester.
No data obtained by adequate catheterization techniques are available concerning the cardiac 1 Supported by a Grant (H-1149) from the National Heart Institute of the United States Public Health Service. 2 Presented in part before the Second World Congress of Cardiology, Washington, D. C., September 1954. a Sara Welt Fellow.
output and right heart pressures in normal pregnant women throughout gestation. No studies have reported the cardiac hemodynamic response to exercise in these subjects. It is the purpose of this paper to present such information.
MATERIAL AND METHODS
Cardiac catheterization was performed on 46 normal pregnant women selected from the pre-natal clinic of The Mount Sinai Hospital. History, physical examination, electrocardiogram, chest roentgenogram and fluoroscopy revealed no evidence of organic heart disease. Each patient was studied once during gestation, from the fourteenth week to one day prior to delivery at term.
The patients were divided into the following groups: Group I, 14 
Oxygen consumption
During the period of gestation studied, average oxygen consumption was found to be slightly and consistently elevated, reaching a value of 9 per cent greater than normal at term. The calculations were based on the body surface area from the standard Du Bois formula (17) . Although it is recognized that this formula may not be entirely valid for the pregnant female, it is believed that the presentation of the data in terms of body surface area offers a more meaningful basis of comparison of the various groups than absolute values.7 The increments in oxygen consumption during exercise, while differing slightly in the various groups, were in general comparable (Tables I to VI, Figure 1 ).
Arterio-venous oxygen difference
There is a considerable reduction in the average A-V oxygen difference ( Figure 2) a normal value. During exercise, a variable increase in the average A-V oxygen difference occurred, but the absolute level of A-V oxygen difference was somewhat lower in Groups I to IV as compared with the patients studied just prior to term.
Cardiac output
It follows from the data presented above that the average resting cardiac output was elevated in Groups I, II and III, and reached its peak during the 25th to 27th weeks of gestation. Later in pregnancy (Groups IV and V), the average resting cardiac output fell toward normal, reaching its lowest level at the 36th to 40th weeks (Figure 3 ). During exercise, the increase in cardiac output per hundred cubic centimeter increment in oxygen consumption was within established normal limits (18) , in all but one case which was only slightly below the lower limit of normal (Figure 4 ). Peripheral resistance
No remarkable change in the systemic arterial pressure was noted during the course of gestation. It follows, therefore, from the increase in cardiac output that a decrease in peripheral resistance must take place. During the 14th to 24th weeks of gestation, the lowest average values for peripheral resistance at rest were obtained (980 dyne sec. cm.-5). As pregnancy advanced, the peripheral resistance rose progressively, reaching a normal value of 1240 dyne sec. cm.-5 at term ( Figure 5 ).
Pressures
Pulmonary arterial and right ventricular systolic pressures at rest were within normal limits. During exercise, a slight but definite elevation was noted in all five groups. Pulmonary arterial and right ventricular systolic pressures during exercise did not exceed 30 mm. Hg in any subject. Pulmonary arterial diastolic pressure was within normal limits at rest and increased slightly during exercise, exceeding 12 mm. Hg in 5 subjects. Mean pressure in the pulmonary artery was within normal range ( Figure 6 ). During exercise, it rose above 15 mm. Hg in 6 subjects, reaching a level of 20 mm. Hg in two; the remaining cases showed only a slight increment over resting values. "Pulmonary capillary" pressure was within normal limits. No remarkable trends were noted in right ventricular systolic, pulmonary arterial systolic, diastolic and mean, and "pulmonary capillary" pressures as pregnancy progressed.
The level of right ventricular end diastolic pressure, appears to be related to the period of gestation ( Figure 7) . In Groups I and V, the right ventricular end diastolic pressure was not above the upper utilized the foreign gas technique and performed serial studies in 4 patients throughout gestation (7) . While the gas techniques have their recognized limitations (8) , these serial studies illustrated an increased cardiac output with a fall toward normal prior to term. Use of the dye dilution method for determination of cardiac output has also demonstrated the changes in cardiac output noted above (19) . The technical methods employed in earlier cardiac catheterization studies (9, 10) make the interpretation of the cardiac output data difficult (13) . In Werko, Bucht, Lagerlof, and Holmgren's studies (11, 13) Three possible mechanisms may be invoked to account for the alterations in cardiac output during pregnancy. These are: 1) Increased metabolic demands of pregnancy; 2) hemodynamic effects of hypervolemia; and 3) circulatory adjustments secondary to an arterio-venous shuntlike effect of the placental circulation.
Increased metabolic demands of pregnancy. Were the increased cardiac output related primarily to increased metabolic demands of pregnancy, this should be reflected in a proportional increase in maternal oxygen consumption. However, in contrast to the 40 per cent maximum increase in cardiac output, the average oxygen consumption was elevated less than 10 per cent. The latter figure is in general agreement (20) or only slightly lower than the findings reported by others (21) . It may be concluded that increased metabolic demands of pregnancy, as reflected in the maternal oxygen consumption, cannot primarily account for the increased cardiac output. This view is further supported by the findings of a marked reduction in the maternal A-V oxygen differences associated with the elevated cardiac output.
Hemodynamic effects of hypervolemia. Numerous studies have confirmed the existence of significant hypervolemia during gestation (22) (23) (24) (25) (26) (27) . Thomson, Hirsheimer, Gibson, and Evans (24) reported a peak increase in plasma volume in the ninth lunar month of 65 per cent, falling to a value 50 per cent greater than normal just before delivery. While this slight fall was noted, its statistical significance has been questioned (26) and the pre-parturition values are still considerably elevated. In addition, other serial studies have indicated a progressive increment in plasma volume with the maximum at term (25, 27) .
Most observations agree that there is an increase of 40 to 50 per cent just before parturition.
Both experimental and clinical studies (28) (29) (30) (31) (32) (33) have demonstrated that hypervolemia may be responsible for significant changes in cardiac hemodynamics. Recently, Eichna, Farber, Berger, Rader, Smith, and Albert (33) have described patients in whom hypervolemia was associated with increased cardiac output and decreased A-V oxygen difference and in whom a congested circulatory state existed in the absence of primary myocardial disease. While hypervolemia may be responsible, in part, for some of the hemodynamic alterations during pregnancy, the plasma volume increase does not appear to be principally responsible for the cardiac output changes, since the output at term has returned almost to normal, while the plasma volume remains elevated 40 to 50 per cent greater than normal. The only circumstances in which the cardiac output changes could be related to alterations in plasma volume would be if prior to term a significant redistribution of blood took place, with pooling of blood in the dependent venous beds and decreased venous return to the heart. Such a decrease has been reported to take place in the last month of gestation (13) . At this time, elevation of venous pressure in the lower extremities without a concomitant rise in the upper extremities has also been reported (34) . Finally, the absence of elevation of right ventricular end diastolic pressure in the last month of gestation (in contrast to the distinct elevation noted in some patients during the 25th to 35th week) would be consistent with a reduction in intrathoracic blood volume, with pooling elsewhere.
A-V shunt-like effect of placenta. Burwell (35) has presented the interesting hypothesis that the placenta may behave as a modified A-V fistula, which may account for the circulatory changes in pregnancy. This was based upon the increased heart rate, slight fall in systemic diastolic pressure, increased systemic pulse pressure, higher oxygen content of uterine vein blood in pregnant bitches and the presence of a bruit over the placenta. The hemodynamic alterations from the 14th to 27th weeks reported here are consistent with the type of changes seen in arterio-venous fistula (36, 37) . The increased venous return to the right heart associated with A-V fistula may in part account for the increase in cardiac output noted. Furthermore, changes in the placental circulation prior to term may be responsible for a reduction in the A-V shunt effect and, in turn, may account for the return of cardiac output and A-V oxygen difference towards normal just before delivery. This hypothesis is supported by the physiological observations of Barcroft, Her-kel, Hill, Flexner, McCarthy, and McClurkin (38, 39) who found that uterine vein oxygen content in the rabbit is relatively elevated until the 18th to 20th day of gestation (comparable to the 7th to 8th month in the human female) after which there is a reduction in uterine vein oxygen content. Morphological studies of the placenta not only have demonstrated A-V shunt-like apparatus (40, 41) but have also indicated that in the last weeks of gestation progressive senescence occurs, with obliteration of portions of the maternal placental circulation (42) . Further evidence for aging of the placenta is found in studies of placental tissue respiration which have demonstrated a fall in the oxygen utilization by the placenta in the last month of gestation (43) .
The alterations in cardiac output in normal pregnancy do not offer conclusive information concerning their mechanism.8 However, from the considerations presented above, it would appear that while all three factors may play a role, either redistribution of blood, the senescence of a placental A-V shunt, or a combination of these factors can explain the fall in cardiac output towards normal at term. The concept of obliteration of portions of the placental circulation is supported by the findings of a decreased total peripheral resistance during the second trimester, with a progressive return towards normal at term.
Right heart and pulmonary vascular pressures Elevation of pulmonary artery mean and diastolic pressure was observed in several patients during exercise, but the most noteworthy of the changes in pressure observed was the elevation of right ventricular end diastolic pressure in the 25th to 35th weeks. Three possibilities could be invoked to explain this: 1) Right heart failure; 2) intrapleural pressure changes; and 3) effects of hypervolemia.
Elevation of the right ventricular end diastolic 8In considering the possible role of the anemia of pregnancy on the cardiac output (44) , it should be noted that in spite of the moderate reduction in hemoglobin, the total red cell mass in pregnancy is actually increased (25) . In this study, the oxygen capacity averaged 14.7 volumes per cent. This moderate reduction in hemoglobin was practically uniform throughout gestation and no correlation with the degree of the anemia and level of cardiac output could be established.
pressure as measured by conventional catheter technique has been regarded as evidence of right ventricular failure. However, in our patients the presence of an increased cardiac output at rest associated with a markedly decreased A-V oxygen difference, and the findings of normal increase in cardiac output per unit increment in oxygen consumption on exercise, are not consistent with this possibility. The possibility exists that elevation of the intrapleural pressure during pregnancy may account for the measured elevations in right ventricular end diastolic and pulmonary artery mean and diastolic pressures. This could be related to elevation of the diaphragm, and the return of pressures to normal during the last week of gestation may be due to descent of the fetus and diaphragm which occurs frequently at this time. However, in the absence of direct measurement of intrapleural pressure, no conclusive statement is warranted. Finally, as previously noted, a congested circulatory state not related to myocardial failure (33) and associated with an increased venous return may be associated with elevations of pressure in the right heart and lesser circulation.
SUMMARY AND CONCLUSIONS 1. Cardiac hemodynamics was studied by cardiac catheterization in 46 normal pregnant women, from 14 weeks of gestation to term.
2. Arterio-venous oxygen difference was decreased to an average of 3.4 volume per cent during the 14th to 30th weeks, increasing toward normal in the month prior to term.
3. Average resting cardiac index was elevated early in pregnancy, reaching a maximum of 4.26 L. per minute at the 25th to 27th weeks, falling toward normal just prior to term. 4 . Pressures in the brachial artery showed no significant abnormalities and calculated total peripheral resistance at rest was decreased from the 14th to 27th weeks, rising progressively to normal at term. Cardiac output increased normally on exercise in all but one patient.
5. Pressures measured in the right heart and pulmonary artery revealed only slight increases in pulmonary arterial pressures without significant elevations above normal. Right ventricular end diastolic pressure was elevated in 6 of 27 patients at rest in the 25th to 35th weeks. 6. The possible mechanisms for the cardiac output alterations include: (a) Increased metabolic demands of pregnancy; (b) hemodynamic effects of hypervolemia; and (c) A-V shunt-like effect of the placenta. The possible role of each of these factors has been discussed.
